As auxiliary power supply of locomotive, phase shifted full bridge converter has complex fault type and large amount of fault information. A novel fault diagnosis method for PSFB convert based on wavelet packet transform and extreme learning machine as classifier which is optimized firefly algorithm is proposed. The WPT is used to extract the feature vector of the output voltage of PSFB converter which is taken as the research object. Then ELM is employed to classify the feature vector of the output voltage, and the FA optimizes the input weights and the hidden layer of the ELM, which improves the classification performance of ELM. The simulation results show that the method can effectively diagnose the PSFB converter.
INTRODUCTION
As the main circuit structure of auxiliary power supply of locomotive, phase shifted full bridge (PSFB) converter has the advantages of small loss, high efficiency and soft switching [1] . The PSFB converter uses a large number of switching devices, resulting in lower reliability. Therefore, accurate and timely fault diagnosis of PSFB converter is very important. And now, fault diagnosis techniques mainly divided into mathematics model, signal processing and knowledge based fault diagnosis method [2] . The mathematics model of power electronic devices is difficult to establish and mathematics model based fault diagnosis method cannot be realized in practice [3] . The signal processing methods of power electronic converter fault diagnosis include Fourier transform, Walsh transform and wavelet packet transform. Knowledge based fault diagnosis a method is kind of advanced fault diagnosis method which combines signal processing and artificial intelligence technology, and knowledge methods are widely used in the field of power electronic device fault diagnosis. Knowledge based fault diagnosis methods mainly include pattern recognition, neural network, particle swarm optimization and support vector machines. ____________________________ Hunan Province Cooperative Innovation Center for Wind Power Equipment and Energy Conversion, College of Information Engineering, Xiangtan University, Xiangtan 411105, Hunan, P.R. China This work was supported by the National Natural Science Foundation of China (61572416), Hunan province Natural science Zhuzhou United foundation (2016JJ5033), Shenzhen significant strategy layout project (JCYJ2016042911221382), the key research and development project of Industry-University-Research of Xiangtan University (16PYZ022) and scientific research foundation for doctoral research of Xiangtan University (16QDZ07).
At present, the analysis of power electronic converter fault and the extraction of feature vectors are wavelet or wavelet packet theory [4] [5] , and then neural network or other classification algorithm is used to classify faults. Among the many classification algorithms, neural networks have achieved remarkable results after decades of development. However, as the number of decomposition layers increases, the dimension of signal feature vectors will increase exponentially, using neural network to carry out fault diagnosis. The diagnosis speed will be slow and uncertainty. An efficient training algorithm for the single-hidden layer feedforward neural network (SLFN), called Extreme Learning Machine (ELM), is proposed by Huang et al [6] [7] .In this paper, firstly, the wavelet packet is used to decompose the fault signals to extract the feature vector. Then ELM is employed to classify the feature vectors. Compared with other learning algorithms, ELM has many advantages in classifying data, such as faster speed and lesser learning samples. But the input weights and parameters of the hidden layer are generated by random function, which decrease classified accuracy. To solve the problem, the firefly algorithm (FA) be introduced into the ELM to get better classification performance. The simulation results show that this method has better performance for fault diagnosis of PSFB converter.
CONVERTER TOPOLOGY AND FAULT ANALYSIS
The main circuit topology of PSFB converter is shown in 
THE FAULT FEATURE EXTRACTION BASED ON WPT
(0,0) Wavelet packet transform (WPT), which is also called wavelet packet, is an extension of discrete wavelet transform [8] . WPT further decompose the high-frequency bands and the frequency resolution may be enhanced. A signal can be decomposed into a set of wavelet packet nodes with the form of a full binary tree by the WPT. Each component fault waveform has its own time-frequency characteristics, the energy distribution of each frequency band is different after the fault waveform is decomposed by WPT. Therefore, the energy features of each node after the wavelet packet decomposition (WPD) are used as the fault feature vectors [9] . Figure 4 shows an example of a wavelet packet decomposition tree up to decomposition layer 3. The experimental procedures are as follows.
Step 1: The output voltage is used as the fault signal when the PSFB converter is out of order. The fault signal of converter are extracted by WPD. The algorithm of WPD can be expressed as Eq. (1).
Where j is the number of decomposition layer, n∈{0, 1, 2, . . . , 2 j -1} denotes the index of nodes in the jth layer, d l j,n denotes the coefficient sequence of the nth node in the jth layer, h (l-2k) and g (l-2k) are, respectively, a low-pass filter and a high-pass filter obtained from a pair of conjugate mirror filters.
Step 2: Reconstruct the wavelet packet coefficients to obtain the signal of each frequency band. The wavelet packet coefficients reconstruction algorithm as Eq. (2).
Where h (k-2l) and g (k-2l) are low-pass filter and high-pass filter coefficient for wavelet packet reconstruction respectively.
Step 3: The fault signal is decomposed by wavelet packet and the decomposition layer is j, so 2 j nodes can be obtained in layer j and the energy of the nth node in layer j can be expressed as Eq. (3) 2 , , ( )
The total energy can be expressed as Eq. (4) 
The ratio of the energy of each node to the total energy is expressed as Eq. (5) , ,
When the output voltage of PSFB converter is used as fault signal, the feature vector of fault signal can be expressed as Eq. (6) ,0 ,1
, , , j j j j
In this paper, Daubechies 3 wavelet (db3) is chosen mother wavelet, which has good localized characteristics in time domain and frequency domain. The fault signal is decomposed by db3 and the decomposition layer is 3, 7 nodes can be obtained in the 3th layer. Thus feature vector of fault signal including 8 elements can be obtained which can be expressed as Eq. (7) 3,0 3,1 3,7
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According to the above analysis process, when the converter is in a normal operation, the feature vector of signal in Figure 2 From the above data, we can obtain that the feature vectors are different, when the converter runs in different state by Eq. (8) and (9) . Therefore, the fault types can be determined by using ELM to classify the feature vectors of the output voltage.
FAULT DIAGNOSIS BASED ON ELM OPTIMIZED BY FA

Review of ELM
Extreme learning machine (ELM) is a novel machine learning algorithm which is proposed for training generalized single hidden layer feedforward networks (SLFNs) [10] . The model of ELM is shown in Figure 5 , which consists of an input layer, an output layer and a single hidden layer.
The weights of the hidden neurons are assigned randomly. Suppose we are training SLFNs with K hidden neurons and activation function g(x) to learn N distinct sample {X,T}={(X j ,t j )} T denotes the weight vector connecting the i-th hidden neuron and output neurons; g i (·) is activation functions. The above N equations can be written compactly as Eq. (11) H T δ = (11) Where the matrix T is target matrix, 
Thus, the determination of the output weights is as simple as finding the least-square solution to the given linear system: † =H T δ (13) Where H + is the Moore-Penrose generalized inverse of matrix H.
Firefly Algorithm
Firefly algorithm (FA) was proposed by Xin-She Yang in 2008 [11] , which is inspired the flashing phenomenon of fireflies in the summer of tropical areas and based on idealized behavior of the flashing characteristics. For simplicity, only three rules were followed: (1) all fireflies are unisex, so that one firefly is attracted to other fireflies, regardless of their sex. (2) the attractiveness is proportional to their brightness, for any two flashing fireflies, the less brighter one will move towards the brighter one. If there are no brighter than a particular firefly, it will move randomly in the space. (3) the light intensity of a firefly is affected or determined by the landscape of the objective function.
In the FA, there are two important issues: the variation of light intensity and formulation of the attractiveness [12] . In addition. The light intensity and attractiveness of a firefly decreases as the distance from the light source increases, the variations of light intensity and attractiveness should be monotonically decreasing functions. The expression of the light intensity is as follows: ) where I 0 is the light intensity at the source, and γ is the light absorption coefficient that is a
crucial parameter in determining the convergence speed.r ij is distance of the firefly iand the firefly j.
A firefly's attractiveness is proportional to the light intensity seen by other fireflies, it can be defined as: The distance between any two firefliesi and jcan be written as the Euclidian distance:
where d represents the dimensionality of the problem, and x i , k is the ith firefly position of the kth dimension. The movement from a firefly i to another brighter firefly j is determined by:
whereα is known as random movement factor. If α is higher, it makes the movement to look at the solution through the distant search space and the smaller α tends to ease local search. The value of αis chosen between 0 and 1 which is maintained constant.
Fault Diagnosis Based on ELM Optimized by FA
The fault diagnosis method is illustrated in the flow chart given in Figure 6 , which includes three steps: fault sample collection, feature extraction and classification algorithm. In this section, the FA will be introduced into the classification model to get a better classification performance. The firefly algorithm is used to optimize the parameter W, b and δ of ELM as follow:
Step 1: Initialize the firefly algorithm, and set the number of firefly m, the randomization parameterα, the attractiveness β o and the absorption coefficient γ.
Step 2: Construct ELM classified model and set the neuron number L and search space in the hidden layer. Define the size of firefly Size Pop using the optimization object "connection weight matrix W". i SizePop L n L = × + (18) where n i is the neuro number of input layer.
Step 3: Update location of all fireflies:
x t x t x t x t Rand β α
Step 4: Calculate the attractiveness βand the light intensity Iof every firefly by Eq. (14) and (15). Calculate the weight matrix δ by (13).
Step 5: Calculate output training samples T by W, b and δ. Calculate the mean squared error between the classified value and the actual value. 
where n is the number of sample.
Step 6: update the global optimal individual. Judge whether the neuron number Lis less than the maximum value of searching range in the hidden layer neurons. If not, the iteration is initialized asL+1. If so, jump out of the firefly algorithm iteration, output W best and b best .
Step 7: Calculate the δ best by Eq. (11) and (13). And construct the ELM model by W best , b best and δ best .
Step 8: Classify the PSFB converter faults with the trained ELM classifier.
SIMULATION EXPERIMENT AND DISCUSSION
The feature vectors of each fault signal are extracted based on wavelet packet transform in section 3rd, as shown in Table II . According to the topology of PSFB converter as shown in Figure 1 , normal state and 9 fault states can be identified, as shown in Table III . Figure 8 shows the fitness function curve of genetic algorithm and firefly algorithm, and the fitness of FA decreases quickly and then comes to be stable in the 9th iteration. Table VI shows the detailed results of fault diagnosis methods based on different classification methods to diagnose 9 fault type. For PSFB converters, the highest accuracy rates of the fault diagnosis methods based on FA-ELM are 97.2%. Thus, the fault diagnosis method based on ELM optimized by Firefly Algorithm has better classification performance.
CONCLUSION
This paper focus on the fault diagnosis of PSFB converter. The main part introduces a method of fault classification based on wavelet packet transform and Extreme Learning Machine optimized by Firefly Algorithm. The proposed method uses WPT to extract the feature vectors of the fault signal and takes advantage of excellent classification capacity of ELM. Meanwhile, the firefly algorithm is used to optimize the input weights and the hidden layer of the ELM to get better classification performance. The simulation and comparison results show that this method is more accurate and more effective.
